Higgs-boson production in association with W or Z bosons, pp → W H/ZH + X, is the most promising discovery channel for a light Standard Model Higgs particle at the Fermilab Tevatron. We present the calculation of the electroweak O(α) corrections to these processes. The corrections decrease the theoretical prediction by up to 5-10%, depending in detail on the Higgs-boson mass and the input-parameter scheme. We update the crosssection prediction for associated W H
Introduction
The search for Higgs particles [1] is one of the most important endeavours for future highenergy collider experiments. Direct searches at LEP have set a lower limit on the Standard Model (SM) Higgs-boson mass of M H > 114.4 GeV at the 95% confidence level (C.L.) [2] . SM analyses of electroweak precision data, on the other hand, result in an upper limit of M H < 211 GeV at 95% C.L. [3] . The search for the Higgs boson continues at the upgraded proton-antiproton collider Tevatron [4] with a centre-of-mass (CM) energy of 1.96 TeV, followed in the near future by the proton-proton collider LHC [5] with 14 TeV CM energy. Various channels can be exploited at hadron colliders to search for a Higgs boson. At the Tevatron, Higgs-boson production in association with W or Z bosons, pp → W H + X and pp → ZH + X, (
is the most promising discovery channel for a SM Higgs particle with a mass below about 135 GeV, where decays into bb final states are dominant [4] . At leading order, the production of a Higgs boson in association with a vector boson, pp → V H + X, (V = W, Z) proceeds throughannihilation [6] ,
2)
The next-to-leading order (NLO) QCD corrections coincide with those for the Drell-Yan process and increase the cross section by about 30% [7] . Beyond NLO, the QCD corrections for V H production differ from those for the Drell-Yan process by contributions where the Higgs boson couples to a heavy fermion loop. The impact of these additional terms is, however, expected to be small in general [8] , and NNLO QCD corrections should not increase the V H cross section at the Tevatron significantly, similar to the Drell-Yan cross section [9] . As described in more detail in Section 4, the renormalization and factorization scale dependence is reduced to about 10% at O(α s ), while the uncertainty due to the parton luminosity is less than about 5%. At this level of accuracy, the electroweak O(α) corrections become significant and need to be included to further improve the theoretical prediction. Moreover, the QCD uncertainties may be reduced by forming the ratios of the associated Higgs-production cross section with the corresponding Drell-Yan-like W-and Zboson production channels, i.e. by inspecting σ pp→V H+X /σ pp→V +X . In these ratios, higherorder electroweak effects should be significant. For the Drell-Yan-like W-and Z-boson production the electroweak corrections have been calculated in Refs. [10, 11] and [12] , respectively. In this paper we present the calculation of the electroweak O(α) corrections to the processes pp/pp → W + H + X and pp/pp → ZH + X. 1 We update the cross-section prediction for associated W H and ZH production at the Tevatron and at the LHC, including the NLO electroweak and QCD corrections, and we quantify the residual theoretical uncertainty due to scale variation and the parton distribution functions.
The paper is organized as follows. In Sect. 2 we outline the computation of the O(α) electroweak corrections. The calculation of the hadronic cross section and the treatment of the initial-state mass singularities are described in Sect. 3. In Sect. 4 we present numerical results for associated W H and ZH production at the Tevatron and at the LHC. Our conclusions are given in Sect. 5.
The parton cross section 2.1 Conventions and lowest-order cross section
We consider the parton process
where V = W + , Z. The light up-and down-type quarks are denoted by q and q ′ , where q = u, c and q ′ = d, s for W + H production and q = q ′ = u, d, s, c, b for ZH production. The variables within parentheses refer to the momenta and helicities of the respective particles. The Mandelstam variables are defined bŷ
Obviously, we haveŝ = s V H for the non-radiative process′ → V H. We neglect the fermion masses m q , mq′ whenever possible, i.e. we keep these masses only as regulators in the logarithmic mass singularities originating from collinear photon emission or exchange. As a consequence, the fermion helicities τ q and τq′ are conserved in lowest order and in the virtual one-loop corrections, i.e. the matrix elements vanish unless τ q = −τq′ ≡ τ = ±1/2. For brevity the value of τ is sometimes indicated by its sign.
In lowest order only the Feynman diagram shown in Fig. 1 contributes to the scattering amplitude, and the corresponding Born matrix element is given by
where ε * V (λ V ) is the polarization vector of the boson V ,v(pq′) and u(p q ) are the Dirac spinors of the quarks, and ω ± = 1 2
(1 ± γ 5 ) denote the chirality projectors. The coupling factors are given by
where Q q and I 3 q = ±1/2 are the relative charge and the third component of the weak isospin of quark q, respectively. The weak mixing angle is fixed by the mass ratio M W /M Z , according to the on-shell condition sin
Note that the CKM matrix element for the ud transition, V ud , appears only as global factor |V ud | 2 in the cross section for W H production, since corrections to flavour mixing are negligible in the considered process. This means that the CKM matrix is set to unity in the relative corrections and, in particular, that the parameter V ud need not be renormalized. The same procedure was already adopted for Drell-Yan-like W production [10, 11] .
The differential lowest-order cross section is easily obtained by squaring the lowestorder matrix element M τ 0 of (2.3),
where the explicit factor 1/12 results from the average over the quark spins and colours, andΩ is the solid angle of the vector boson V in the parton CM frame. The total parton cross section is given bŷ 6) where λ is the two-body phase space function λ(x, y, z) = x 2 + y 2 + z 2 − 2xy − 2xz − 2yz. The electromagnetic coupling α = e 2 /(4π) can be set to different values according to different input-parameter schemes. It can be directly identified with the fine-structure constant α(0) or the running electromagnetic coupling α(k 2 ) at a high-energy scale k. For instance, it is possible to make use of the value of α(M 2 Z ) that is obtained by analyzing [14] the experimental ratio R = σ(e + e − → hadrons)/(e + e − → µ + µ − ). These choices are called α(0)-scheme and α(M 2 Z )-scheme, respectively, in the following. Another value for α can be deduced from the Fermi constant G µ , yielding
W /π; this choice is referred to as G µ -scheme. The differences between these schemes will become apparent in the discussion of the corresponding O(α) corrections.
Virtual corrections 2.2.1 One-loop diagrams and calculational framework
The virtual corrections can be classified into self-energy, vertex, and box corrections. 't Hooft-Feynman gauge) can, e.g., be found in Ref. [15] . The The actual calculation of the one-loop diagrams has been carried out in the 't HooftFeynman gauge using standard techniques. The Feynman graphs have been generated with FeynArts [17, 18] and are evaluated in two completely independent ways, leading to two independent computer codes. The results of the two codes are in good numerical agreement (i.e. within approximately 12 digits for non-exceptional phase-space points). In both calculations ultraviolet divergences are regulated dimensionally and IR divergences with an infinitesimal photon mass m γ and small quark masses. The renormalization is carried out in the on-shell renormalization scheme, as e.g. described in Ref. [15] .
In the first calculation, the Feynman graphs are generated with FeynArts version 1.0 [17] . With the help of Mathematica routines the amplitudes are expressed in terms of standard matrix elements, which contain the Dirac spinors and polarization vectors, and coefficients of tensor integrals. The tensor coefficients are numerically reduced to scalar integrals using the Passarino-Veltman algorithm [19] . The scalar integrals are evaluated using the methods and results of Refs. [20, 15] .
The second calculation has been made using FeynArts version 3 [18] for the diagram generation and FeynCalc version 4.1.0.3b [21] for the algebraic manipulations of the amplitudes, including the Passarino-Veltman reduction to scalar integrals. The latter have been numerically evaluated using the Looptools package [22] version 2.
Renormalization and input-parameter schemes
Denoting the one-loop matrix element M τ 1 , in O(α) the squared matrix element reads
Substituting the r.h.s. of this equation for |M τ 0 | 2 in (2.5) includes the virtual corrections to the differential parton cross section. The full one-loop corrections are too lengthy and untransparent to be reported completely. Instead we list the relevant counterterms, all of which lead to contributions to M Figure 7 : Diagrams for box corrections to ud → W H. Figure 8 : Diagrams for box corrections to→ ZH.
The index τ has been suppressed for those counterterms that do not depend on the chirality. The explicit expressions for the renormalization constants can, e.g., be found in Ref. [15] . We merely focus on the charge renormalization constant δZ e in the following. In the α(0)-scheme (i.e. the usual on-shell scheme) the electromagnetic coupling e is deduced from the fine-structure constant α(0), as defined in the Thomson limit. This fixes δZ e to δZ e α(0) = 1 2
denoting the transverse part of the V V ′ gauge-boson self-energy with momentum transfer k. In this scheme the charge renormalization constant δZ e contains logarithms of the light-fermion masses, inducing large corrections proportional to α ln(m 2 f /ŝ), which are related to the running of the electromagnetic coupling α(k 2 ) from k = 0 to a high-energy scale. In order to render these quark-mass logarithms meaningful, it is necessary to adjust these masses to the asymptotic tail of the hadronic contribution to the vacuum polarization
, as defined in Ref. [14] , as input this adjustment is implicitly incorporated, and the charge renormalization constant is modified to 
In the G µ -scheme, the transition from α(0) to G µ is ruled by the quantity ∆r [23, 15] , which is deduced from muon decay,
Therefore, the charge renormalization constant reads
) is explicitly contained in ∆r, the large fermion-mass logarithms are also resummed in the G µ -scheme. Moreover, the lowest-order cross section in G µ -parametrization absorbs large universal corrections to the SU(2) gauge coupling e/s W induced by the ρ-parameter.
Finally, we consider the universal corrections related to the ρ-parameter, or more generally, the leading corrections induced by heavy top quarks in the loops. To this end, we have extracted all terms in the corrections that are enhanced by a factor m 2 t /M 2 W . These contributions are conveniently expressed in terms of
which is the leading contribution to the ρ parameter. For the various channels we obtain the following correction factors to the cross sections in the G µ -scheme, 16) in agreement with the results of Ref. [24] . As mentioned before, for W H production the only effect of ∆ρ t is related to the W W H vertex correction in the G µ -scheme, while such corrections to the′ W coupling are entirely absorbed into the renormalized coupling e/s W .
Real-photon emission
Real-photonic corrections are induced by the diagrams shown in Figs. 9 and 10. Helicity amplitudes for the processes′ → V H +γ (V = W, Z) have been generated and evaluated using the program packages MadGraph [25] and HELAS [26] . The result has been verified by an independent calculation based on standard trace techniques. The contributionσ γ of the radiative process to the parton cross section is given bŷ
where the phase-space integral is defined by
Treatment of soft and collinear singularities
The phase-space integral (2.17) diverges in the soft (k 0 → 0) and collinear (p q k, pq′k → 0) regions logarithmically if the photon and fermion masses are set to zero. For the treatment of the soft and collinear singularities we have applied the phase-space slicing method. For associated ZH production we have additionally applied the dipole subtraction method.
In the following we briefly sketch these two approaches. 
Phase-space slicing
Firstly, we made use of phase-space slicing, excluding the soft-photon and collinear regions in the integral (2.17).
In the soft-photon region m γ < k 0 < ∆E ≪ √ŝ the bremsstrahlung cross section factorizes into the lowest-order cross section and a universal eikonal factor that depends on the photon momentum k (see e.g. Ref. [15] ). Integration over k in the partonic CM frame yields a simple correction factor δ soft to the partonic Born cross section dσ 0 . For ZH production this factor is
(2.19) For W H production the soft factor is 20) where Q q − Q q ′ = +1. The difference between ZH and W H production is due to the soft photons emitted by the W boson.
The factor δ soft can be added directly to the virtual correction factor 2 Re{δ τ virt } defined in (2.7). We have checked that the photon mass m γ cancels in the sum 2 Re{δ
The remaining phase-space integration in (2.17) with k 0 > ∆E still contains the collinear singularities in the regions in which (p q k) or (pq′k) is small. Defining θ f γ = (p f , k) as the angle of the photon emission off f = q,q ′ , the collinear regions are excluded by the angular cuts θ f γ < ∆θ ≪ 1 in the integral (2.17).
In the collinear cones the photon emission angles θ f γ can be integrated out. The resulting contribution to the bremsstrahlung cross section has the form of a convolution of the lowest-order cross section,
with the splitting function
Note that the quark momentum p f is reduced by the factor z so that the partonic CM frame for the hard scattering receives a boost.
Subtraction method
Alternatively, for ZH production, we applied the subtraction method presented in Ref. [27] , where the so-called "dipole formalism", originally introduced by Catani and Seymour [28] within massless QCD, was applied to photon radiation and generalized to massive fermions. The general idea of a subtraction method is to subtract and to add a simple auxiliary function from the singular integrand. This auxiliary function has to be chosen such that it cancels all singularities of the original integrand so that the phasespace integration of the difference can be performed numerically. Moreover, the auxiliary function has to be simple enough so that it can be integrated over the singular regions analytically, when the subtracted contribution is added again. The dipole subtraction function consists of contributions labelled by all ordered pairs of charged external particles, one of which is called emitter, the other one spectator. For→ ZH we, thus, have 2 different emitter/spectator cases f f ′ : qq,qq. The subtraction function that is subtracted from spins |M γ | 2 is given by
with the functions 24) and the auxiliary variable
For the evaluation of |M sub | 2 in (2.23) the Z-boson momenta k Z,f f ′ still have to be specified. They are given by 26) with the Lorentz transformation matrix
, and the same is true for the corresponding Higgs-boson momenta that result from momentum conservation. It is straightforward to check that all collinear and soft singularities cancel in spins |M γ | 2 − |M sub | 2 so that this difference can be integrated numerically over the entire phase space (2.18).
The contribution of |M sub | 2 , which has been subtracted by hand, has to be added again. This is done after the singular degrees of freedom in the phase space (2.18) are integrated out analytically, keeping an infinitesimal photon mass m γ and small fermion masses m f as regulators [27] . The resulting contribution is split into two parts: one that factorizes from the lowest-order cross sectionσ 0 and another part that has the form of a convolution integral overσ 0 with reduced CM energy. The first part is given bŷ The IR and fermion-mass singularities contained in dσ sub,1 exactly cancel those of the virtual corrections. The second integrated subtraction contribution is given bŷ 30) where the usual [. . .] + prescription,
is applied to the integration kernels
In (2.30) we have indicated explicitly how the Mandelstam variable r has to be chosen in terms of the momenta in the evaluation of the part containing [G f f ′ (r, x)] + . Note, however, that in (2.30) the variableŝ that is implicitly used in the calculation ofσ 0 (. . .) is reduced to 2xp q pq = xŝ. In summary, within the subtraction approach the real correction readŝ
It should be realized that inσ sub,1 andσ sub,2 the full photonic phase space is integrated over. This does, however, not restrict the subtraction approach to observables that are fully inclusive with respect to emitted photons, but rather to observables that are inclusive with respect to photons that are soft or collinear to any charged external fermion (see discussions in Sect. 6.2 of Ref. [27] and Sect. 7 of Ref. [28] ).
The hadron cross section
The proton-(anti-)proton cross section σ is obtained from the parton cross sectionsσ
by convolution with the corresponding parton distribution functions q 1,2 (x), dσ(s) =
where x 1,2 are the respective momentum fractions carried by the partons q 1,2 . In the sum q 1 q 2 the quark pairs q 1 q 2 run over all possible combinations′ andq ′ q where q = u, c and q ′ = d, s for W H production and q = q ′ = u, d, s, c, b for ZH production. The squared CM energy s of the pp (pp) system is related to the squared parton CM energyŝ byŝ = x 1 x 2 s.
The O(α)-corrected parton cross sectionσ (q 1 q 2 ) contains mass singularities of the form α ln(m q ), which are due to collinear photon radiation off the initial-state quarks. In complete analogy to the MS factorization scheme for next-to-leading order QCD corrections, we absorb these collinear singularities into the quark distributions. This is achieved by replacing q(x) in (3.1) according to
where M is the factorization scale (see Ref. [11] ). This replacement defines the same finite parts in the O(α) correction as the usual MS factorization in D-dimensional regularization for exactly massless partons, where the ln(m q ) terms appear as 1/(D − 4) poles. In (3.2) we have regularized the soft-photon pole by using the [. . .] + prescription. This procedure is fully equivalent to the application of a soft-photon cutoff ∆E (see Ref. [10] ) where
The absorption of the collinear singularities of O(α) into quark distributions, as a matter of fact, requires also the inclusion of the corresponding O(α) corrections into the DGLAP evolution of these distributions and into their fit to experimental data. At present, this full incorporation of O(α) effects in the determination of the quark distributions has not yet been performed. However, an approximate inclusion of the O(α) corrections to the DGLAP evolution shows [29] that the impact of these corrections on the quark distributions in the MS factorization scheme is well below 1%, at least in the x range that is relevant for associated V H production at the Tevatron and the LHC. Therefore, the neglect of these corrections to the parton distributions is justified for the following numerical study. 14 4 Numerical results
Input parameters
For the numerical evaluation we used the following set of input parameters [30] , We have verified that the results are independent of the slicing parameters 2∆E/ √ŝ and ∆θ when these parameters are varied within the range 10 −2 − 10 −4 . In the case of associated ZH production we have, in addition, applied the dipole subtraction method. The results agree with those obtained using phase-space slicing. We observe that the integration error of the subtraction method is smaller than that of the slicing method by at least a factor of two.
Electroweak corrections
In this subsection we present the impact of the electroweak O(α) corrections on the cross section predictions for the processes pp/pp → W + H + X and pp/pp → ZH + X at the Tevatron and the LHC. Figures 11 and 12 show the relative size of the O(α) corrections as a function of the Higgs-boson mass for pp → W + H + X and pp → ZH + X at the Tevatron. Results are presented for the three different input-parameter schemes. The corrections in the G µ -and α(M Tables 1 and 2 . Figures 13 and 14 and Tables 3 and 4 show the corresponding results for pp → W + H + X and pp → ZH + X at the LHC. The corrections are similar in size to those at the Tevatron and reduce the cross section by 5-10% in the G µ -scheme and by 12-17% in the α(M 2 Z )-scheme. We note that the electroweak corrections to pp → W − H + X at the LHC differ from those to pp → W + H + X by less than about 2%. In order to unravel the origin of the electroweak corrections we display the contributions of individual gauge-invariant building blocks. Figure 15 separates the fermionic corrections (comprising all diagrams with closed fermion loops) from the remaining bosonic contributions to pp → W + H + X at the Tevatron in the G µ -scheme. We observe that the bosonic corrections are dominant and that bosonic and fermionic contributions partly compensate each other. A similar result is found for the pp → ZH +X cross section, where we display the gauge-invariant contributions from (photonic) QED corrections, fermionic corrections, and weak bosonic corrections in Fig. 16 . Note that large logarithmic corrections from initial-state photon radiation have been absorbed into the quark distribution functions. The remainder of the QED corrections turns out to be strongly suppressed with respect to the fermionic and weak bosonic corrections. A similar pattern is observed for the pp → W + H + X and pp → ZH + X cross sections at the LHC, see Figs. 17 and 18. At first sight, the large size of the non-universal corrections, i.e. corrections that are not due to the running of α(k 2 ), photon radiation, or other universal effects, might be surprising. However, a similar pattern has already been observed in the electroweak corrections to the processes e + e − → ZH [13] and e + e − → Z * H → ννH [33, 16] . Also there large non-universal fermionic and bosonic corrections of opposite sign occur. It was also observed that the corrections cannot be approximated by simple formulae resulting from appropriate asymptotic limits. For instance, taking the large top-mass limit (m t → ∞) in the fermionic corrections to W H production in the G µ -scheme (see Sect. 2.2.2), the leading term in the relative correction is given by δ top′ →W H Gµ ≈ −1.6%, which even differs in sign from the full result (see Fig. 15 ). The reason for this failure is that the relevant scale in the W W H vertex, from which the leading m 2 t term in the limit m t → ∞ results, is set by the variableŝ which is not much smaller than but rather of the same order as m 
The cross section at NLO
In this subsection we present the cross section prediction for associated W H and ZH production at the Tevatron and at the LHC, including the NLO order electroweak and QCD corrections, and we quantify the residual theoretical uncertainty due to scale variation and the parton distribution functions. The total cross sections for the processes pp/pp → W ± H + X (sum of W + H and W − H) and pp/pp → ZH + X at the Tevatron and the LHC are displayed in Figs. 19-22 . Representative results are listed in Tables 5-8 The NLO prediction is very stable under variation of the QCD renormalization and factorization scales. We have varied both scales independently in the range µ 0 /5 < µ < 5µ 0 . For both the Tevatron and the LHC, the cross section increases monotonically with decreasing renormalization scale. At the Tevatron, the maximal (minimal) cross section is obtained choosing both the renormalization and factorization scales small (large). At the LHC, in contrast, the maximal (minimal) cross section corresponds to choosing a large (small) factorization scale. From the numbers listed in Tables 5-8 one can conclude that the theoretical uncertainty introduced by varying the QCD scales in the range µ 0 /5 < µ < 5µ 0 is less than approximately 10%. We have verified that the QED factorization-scale dependence of the O(α)-corrected cross section is below 1% and thus negligible compared to the other theoretical uncertainties. The QED scale dependence should be reduced further when using QED-improved parton densities.
We have also studied the uncertainty in the cross-section prediction due to the error in the parametrization of the parton densities. To this end we have compared the NLO cross section evaluated using the default CTEQ6 [31] parametrization with the cross section evaluated using the MRST2001 [34] parametrization. The results are collected in Tables 9-12 . Both the CTEQ and MRST parametrizations include parton-distributionerror packages which provide a quantitative estimate of the corresponding uncertainties in the cross sections.
2 Using the parton-distribution-error packages and comparing the CTEQ and MRST2001 parametrizations, we find that the uncertainty in predicting the processes pp/pp → W ± H + X and pp/pp → ZH + X at the Tevatron and the LHC due to the parametrization of the parton densities is less than approximately 5%.
Conclusions
We have calculated the electroweak O(α) corrections to Higgs-boson production in association with W or Z bosons at hadron colliders. These corrections decrease the theoretical prediction by up to 5-10%, depending in detail on the Higgs-boson mass and the input-parameter scheme. We have updated the cross section prediction for associated W H and ZH production at the Tevatron and at the LHC, including the next-to-leading order electroweak and QCD corrections. Finally, the remaining theoretical uncertainty has been studied by varying the renormalization and factorization scales and by taking into account the uncertainties in the parton distribution functions. We find that the scale dependence is reduced to about 10% at next-to-leading order, while the uncertainty due to the parton densities is less than about 5%. 27 M H /GeV CTEQ6M [31] MRST2001 [34] 80.00 0.5404(2) ± 0.021 0.5448 (2 Table 12 : PDF uncertainties: Total cross section for pp → ZH + X at the LHC ( √ s = 14 TeV) including NLO QCD and electroweak corrections in the G µ -scheme for different sets of parton distribution functions.
